The elements of the hyperfine interaction (h.f.i.) between the manganese ion and the protons in the complex [Mn(H20)6] ++ in one of the two possible sites in La2(Mg, Mn)3(N03)12' 24 H,0 have been measured with ENDOR at 15 to 20 K. The six water molecules in the complex at the chosen site are equivalent for reasons of symmetry.
The elements of the hyperfine interaction (h.f.i.) between the manganese ion and the protons in the complex [Mn(H20)6] ++ in one of the two possible sites in La2(Mg, Mn)3(N03)12' 24 H,0 have been measured with ENDOR at 15 to 20 K. The six water molecules in the complex at the chosen site are equivalent for reasons of symmetry.
One principal direction of the h.f.i. tensor of each proton is found to be perpendicular to the Mn, 0 line. With the assumption that each proton is located in the plane of the other two principal directions of its interaction tensor the positions of the protons are evaluated from the anisotropic parts of the h.f.i. tensors. In this calculation the effect of covalency on the anisotropic h.f.i. is accounted for with the aid of a simple model.
The isotropic h.f.i.'s with the two protons of a water molecule appear to be very nearly equal ( + 0.890 MHz for both). This latter result is remarkable in view of the fact that one proton is distinctly nearer to the manganese ion than the other. In the next sections the following subjects are treated. Details about the mounting of the sample and the accuracy of the orientation of the crystal axes with respect to the magnetic field are given in section I. In section II various aspects of the evaluation of the ENDOR data are dealt with. The principal values of the tensors are given, along with the direction cosines of the principal axes. The isotropic h.f.i. constants of the two protons in a water molecule appear to be equal within experimental accuracy, while the principle values of the anisotropic part of the h.f.i. indicate that the point dipole model is not quite correct. In section III the coordinates of the protons are calculated and the result is used for a discussion of the isotropic h.f.i.
I. Experimental
The measurements were carried out with the aid of a home made X-band ENDOR spectrometer. The frequency range of the RF oscillator and power amplifier is 4 to 28 MHz; ENDOR lines outside this range were ignored. The temperature of the sample was adjusted to the region of 15 to 20 K, by passing cold helium gas through the cavity. Details about the method of producing the ENDOR signals have been published elsewhere 6 ' 7 and are therefore not treated here. As host crystal for the complex [Mn(H20)6] ++ we used La2Mg3(N03)12 -24 H,0. In this substance the manganese ions can occupy the magnesium sites. There are two different sites denoted by I and II, each one being surrounded by six water molecules that form a complex with the metal ion. Site I possesses trigonal as well as inversion symmetry, site II has only trigonal symmetry; the trigonal symmetry axes of the sites coincide with that of the crystal. In this paper we consider only site I which has but two inequivalent protons, H1W1 and H2W1 8 . The ratio of the numbers of manganese and magnesium ions in the solution from which the crystals were grown was 1: 3000.
The samples were glued to a quartz rod that could be rotated during the measurements. In all measurements the trigonal (c) axis was either parallel or perpendicular to the applied static magnetic 6 D. VAN In the cases where the c axis was parallel to H the remaining misorientation could be eliminated by fine adjustment of the direction of the axis of the quartz rod. A criterion for the right orientation was the coincidence of three ENDOR peaks because of the trigonal symmetry. In the perpendicular cases (c -L H) the effect of a misorientation was eliminated by averaging the ENDOR frequencies measured at the six equivalent (due to trigonal and inversion symmetry) positions of the sample with respect to H. This procedure also enabled us to determine the actual misorientation of the sample with respect to the rotation axis and the angle between this axis and a plane perpendicular to H. A typical value of the latter angle is 0.10 to 0.15 degrees.
For each proton the measurements with clH were carried out at two different values of the angle between the a axis of the crystal and H. These positions were 15° and 105° away from the angle where the ENDOR frequency was maximal for the electronic spin (5 = 5/2) in the state M= -3/2. As mentioned earlier the ENDOR frequencies at angles which follow from the above ones by adding multiples of 60° were also measured. Overlapping ENDOR lines were not used as a rule.
II. Evaluation of the h.f.i. Tensors
The Hamiltonian used for the interpretation of the ENDOR data is: 
III. Discussion
In this section the positions of the protons in the complex are derived from the h.f.i. tensors and then the isotropic part of the h.f.i. is considered. The positions of the ions in the isomorphic salt Ce2Mg3(N03)12'24 H20 have been determined at room temperature by means of X-ray diffraction 8 . Since the coordinates of the protons are not very accurate, they had to be evaluated from the ENDOR data. In this calculation the positions of the protons with respect to the oxygen ion had to be known in order to account for a small covalency effect (see below). However, since the manganese ion is greater than the magnesium ion by about 0.15 Ä 10 the oxygen coordinates of the complex at site I could not be taken from ref. 8 without applying a correction. In our model the distance from the centre of the complex to the oxygen ion was increased along the original Mg,0 vector as given in ref. 8 to r0 = 2.20 Ä (see below).
The angles between the Mn,0 vector and the principal axes are listed in Table 2 . As a first approximation we assumed each proton to be located on the principal axis belonging to the highest eigenvalue (A3) of the tensor. It followed then that for each proton two principal axes lie approximately in the corresponding Mn,0,H plane, the third one being nearly perpendicular to it. This is what one H. PFEIFER, Z. Naturforsch. 17 If we ignore momentarily that the difference between the Ax and A2 principal values indicates that the point dipole model is not quite correct, the manganese -proton distances rn can be derived with the formula
where g and gv are the electronic and nuclear g fac- We consider now the proton located on the z" axis.
The anisotropic h.f.i. tensor Aa expressed in the H1W1 forms a hydrogen bond with a nearby water oxygen atom (OW4, not belonging to the complex) and H2W1 with a nitrate oxygen atom (ON12). It can be seen that the hydrogen atoms are drawn towards the ligands just mentioned (Fig. 2) . In fact, the angle between the planes of OW1, H1W1, H2W1
and OW1, OW4, ON12 is only 13°. As a result of these interactions H2W1 is nearer to the manganese ion than H1W1 by about 0.03 Ä, indicating a dis- tinct dissimilarity between the two protons. In the free complex the water molecule would lie in the x", z" plane with the proton-proton vector parallel to the x" axis 14_16 .
Next we consider the isotropic h.f.i.. Using WAT-SON'S wave functions 17 for the free manganese ion the theoretical magnitude of for a proton at a distance of 2.80 Ä is found to be of the order of 1 kHz. It follows from this that the magnitude of the experimental value of At (of the order of 1 MHz) indicates a partly covalent character of the bonds between the manganese ion and the water molecule. If we mix the manganese 3d orbitals with the water orbital that extends most towards the centre of the complex, namely ^(3at) 18 ' 19 , and set the covalency parameter N 2 X 2 equal to 0.09 2 the theoretical value of Ai is found to be + 0.4 MHz, which is much nearer to reality. many more wave functions 18 should be involved in the mixing. Moreover, the difference between our value (+ 0.89 MHz) and that of SPRINZ (0.79 MHz) for the complex in an aqueous solution suggests that the environment of the complex and presumably also the orientation of the water molecule with respect to the axes of the complex influence the strength of the isotropic h.f.i..
It should be noted that although one proton of the water molecule is distinctly nearer to the manganese ion than the other, the isotropic interactions with the two protons are very nearly equal. We might conclude from this fact that in this particular case the water molecule has retained its mirror symmetry so that equal amounts of each hydrogen wave function are mixed with the manganese wave function regardless of the orientation of the water molecule. Unfortunately our determination of the proton coordinates with respect to those of the oxygen nucleus, whidi are not very precise themselves, is not accurate enough to consider this point any further.
